Batch testing was employed to estimate model parameters that are required for predicting the fate of polynuclear aromatic hydrocarbons (PAHs) in wastewater treatment. Linear partitioning was found to describe the partitioning of PAHs to solids and was best described when the soluble phase of the PAHs was determined by centrifugation alone. The liquidsolid partitioning coeffi cients obtained for primary and secondary sludges were statistically different, with the latter being higher than the former for most of the PAHs examined in this study. Temperature had a signifi cant impact on the estimated biodegradation rate coeffi cients (K b ). The biodegradation rate coeffi cients for anthracene and phenanthrene (three-ring PAHs) were statistically different from benzo(a)anthracene and chrysene (four-ring PAHs). The presence of a nitro-adduct on acenaphthene resulted in a substantial increase in the K b relative to the unsubstituted anthracene and phenanthrene. A sensitivity analysis revealed that the removal of PAHs in a full-scale wastewater treatment plant was most sensitive to the value of the liquid-solid partitioning coeffi cients. Approximately 60% of the PAHs were removed from the wastewater stream through partitioning to both primary and secondary solids, and subsequent discharge.
Introduction
Despite efforts to control their release into sewer systems, polynuclear aromatic hydrocarbons (PAHs) are consistently observed in municipal wastewaters (Bergqvist et al. 2006; Busetti et al. 2006; Vogelsang et al. 2006) . Often the concentrations of these substances in wastewaters are below the traditional analytical method detection limits, although they are regularly detected in the sludge streams due to increased solids concentrations (Harrison et al. 2006; Kinney et al. 2006) .
PAHs are of concern because of their potential toxicity during chronic exposures and because of their potential to bioaccumulate. The Canada-Ontario Agreement on the Great Lakes has identifi ed 17 PAHs as Tier-2 contaminants and requires the development of policies and practices that restrict their release into the Great Lakes (EC and MOE 2007) . The United States Environmental Protection Agency has designated PAHs as Priority Pollutants, and these form part of the list of 126 regulated chemical pollutants (U.S. EPA 1974) .
The development of policies related to controlling discharges of these substances into the aquatic environment and into biosolid streams can be better informed by improved estimates of their fate and removal in wastewater treatment processes. However, the diffi culties associated with measuring these substances in wastewater streams presents signifi cant challenges related to quantifying their removal in wastewater treatment processes. Hence, modelling of the fate of these substances in wastewater treatment can be useful in evaluating treatment performance when developing policy options.
Partitioning to suspended solids and biodegradation are the mechanisms which are anticipated to have the greatest impact upon the fate of multi-ring PAH's in wastewater treatment processes. The relatively low Henry's law coeffi cients and the strong partitioning of PAHs with three and four rings to solids indicates that volatilization of these PAHs will be minimal (Manoli and Samara 2008) . There are however relatively few reports in the literature that document measured values of liquidsolid partitioning and biodegradation rate coeffi cients in wastewater treatment systems. Dobbs et al. (1989) developed a correlation between liquid-solid partitioning coeffi cients and the octanol-water partitioning coeffi cients of a cross section of compounds. However, in their study, PAHs were not included in the compounds that were employed to develop the correlations. Subsequent studies (Melcer et al. 1995; Manoli and Samara 2008) have applied this correlation to PAHs, but there has been no direct experimental verifi cation.
The availability of biodegradation rate coeffi cients for PAHs in municipal wastewater treatment is also very limited. Coburn et al. (1988) estimated biodegradation rate coeffi cients for a limited number of low molecular weight PAHs, mostly naphthalene and methyl-naphthalenes, from a sampling and analytical study of industrial wastewater impoundments. At the same time, Coburn et al. (1988) also estimated biodegradation rate coeffi cients for higher molecular weight PAHs from data published in the technical literature. Manoli and Samara (2008) observed discrepancies between the removals predicted by the U.S. EPA FATE model and those calculated using data obtained from a full-scale wastewater treatment plant, suggesting that the parameters employed in this model require calibration.
The objectives of this study were to develop measured values for the liquid-solid partitioning and biodegradation rate coeffi cients for selected complex PAHs in municipal wastewater treatment. The coeffi cients were determined by conducting bench-scale testing with sludges and wastewaters obtained from a full-scale wastewater treatment plant. The impact of temperature on the rate of biodegradation and the effect of partitioning of PAHs to colloidal solids were also investigated in the experimental plan. Liquid-solid partitioning coeffi cients were determined for primary and secondary (waste activated) sludges separately. Preliminary modelling that was conducted using estimates of biodegradation and liquid-solid partitioning coeffi cients from the literature (Coburn et al. 1988; Dobbs et al. 1989) indicated that volatilization of the target compounds in the experimental systems would be minimal and hence measurements of volatilization were not included in the experimental plan. The coeffi cients that were estimated from the bench-scale testing were then implemented into the TOXCHEM+ fate model (Hydromantis Inc., Hamilton, Ontario). The model was then applied to the full scale wastewater treatment plant that was the source of the sludge samples for lab testing for sensitivity analysis purposes.
Approach
The target substances that were evaluated in this study refl ected a range in the number of aromatic rings as well as the number of substitutions with nitro groups, and included anthracene, phenanthrene, benzo(a)anthracene, chrysene, 2,4-dinitrotoluene, and 5-nitroacenaphthene. The partitioning and biodegradation of these compounds was investigated in the wastewater and sludge streams that were generated by a full-scale wastewater treatment plant that is located in southern Ontario. The full-scale facility employs conventional primary settling, activated sludge with a solids residence time of 5 to 12 days as secondary treatment, and sand fi ltration as a tertiary treatment for enhanced solids removal.
Partitioning Tests
The liquid-solid partitioning tests involved dosing inactivated sludge samples with a mixture of the target compounds, contacting the liquid and solid phases for 4 hours, and then measuring the concentrations of the target compounds in the total sample as well as two different soluble phases. A 4-hour period has been demonstrated to be adequate for establishing equilibrium with respect to sorption in previous studies of adsorption of organics onto wastewater treatment solids (Dobbs et al. 1989 ). Sorption to primary sludge (PS) and sorption to waste activated sludge (WAS) were characterized separately. The loading of the target compounds to the sludge solids was varied by conducting a series of tests in which the dosing level of the target compounds in the samples was maintained constant while the concentrations of solids in the samples were varied.
At the end of the liquid-solid contacting period, the soluble concentrations were determined by two sample-processing methods in order to facilitate an assessment of the impact of colloidal-scale particles (particles approximately <0.45 μm) on the soluble phase concentrations. In one of the sample processing methods, the decant that was obtained after centrifugation alone was employed for contaminant characterization. These samples would be expected to contain some level of colloidal-scale solids that would maintain some of the target compounds in solution. The second processing method involved initial fl occulation with 50 mg/L of alum prior to centrifugation. The decant that was obtained from the combined fl occulation-centrifugation was characterized for organic contaminant concentrations. These samples would be expected to have reduced concentrations of colloidal matter due to the fl occulation step.
Replicate tests were completed for the PS and WAS, and hence a total of four test events were completed in this project. For each test, approximately 80 L of each type of sludge was obtained from the full-scale wastewater treatment plant. Each sludge volume was initially concentrated by settling and decanting the supernatant. The concentrate was subsequently diluted with the decant to generate four samples, each with a volume of 12.0 L, but with differing concentrations of suspended solids. The samples had target volatile suspended solid (VSS) concentrations of either 0.1, 0.5, 1.0, or 2.0 g of VSS per litre. The samples were then halved to generate subsamples of 6.0 L each. Each of the subsamples was dosed to obtain a 0.1% concentration of sodium azide in solution to inhibit microbial activity during the test. The subsamples were contacted with the sodium azide for a period of 14 hours to allow for biomass inhibition. Each of the subsamples was then dosed with a suite of concentrated solutions that contained the target contaminants to obtain a target concentration of 500 μg/L of each substance in the sample. The subsamples were mixed by magnetic stirrers in 12 glass jars for a period of 4 hours at a temperature of 22 o C. At the end of the contacting period, a 1.0-L sample of each solution was collected and preserved with concentrated H 2 SO 4 to a pH less than 3.0 prior to submission to the laboratory for analysis. The remaining volume was then further divided into equal volumes of 0.5 L each. Sample 1 was centrifuged immediately at a rotational velocity of 3,000 rpm for a period of 10 minutes. After centrifugation, the decant was poured into sample bottles, preserved as described previously, and then submitted for analysis. Sample 2 was dosed with 50 mg/L of alum and then gently stirred at 30 rpm for a period of 15 minutes to facilitate fl occulation. After the fl occulation step was completed, sample 2 was centrifuged and decanted in a manner that was identical to that employed for sample 1.
Biodegradation Tests
Biodegradation testing was performed in batch tests with a duration of 5 days. Two batch reactors that were mechanically stirred and had a liquid volume of 37.0 L were employed to provide replicate data. The reactors were of glass construction, and all materials contacting the reactor contents were either glass or stainless steel. At the beginning of the batch tests, a mixture of primary clarifi er effl uent and aeration basin mixed liquor from the full-scale wastewater treatment plant was added to the batch reactors. Warm condition tests were conducted at room temperature (20 to 22 o C) while cold testing was conducted in a cold room at a temperature of 4 o C. VSS concentrations in the batch reactors were measured and were in the range of 1,400 to 1,900 mg/L. Mixing was initiated and the reactors were dosed with stock solutions containing the target compounds. Individual stock solutions were prepared and consisted of the target compound dissolved in a solution consisting of deionized water and ethanol/methanol. A volume of each stock solution was added to the batch reactors with the objective of achieving a target concentration of 100 μg/L of each analyte in the reactor at the beginning of the test.
The reactors' contents were sampled for the target compounds immediately prior to dosing in order to quantify any background concentrations. Samples of the reactor contents were collected immediately after dosing and subsequently at times of 8 hours, and 1, 2, 3, 4, and 5 days after dosing in the warm temperature tests, and at times of 2, 4, and 8 hours and then 1, 2, 3, 4, and 5 days after dosing in the cold temperature tests. The collected samples were acidifi ed to a pH of 3 and then stored in a refrigerator at 4 o C prior to submission to the laboratory for analysis.
Analysis of PAHs consisted of in situ acetylation and liquid-liquid extraction with dichloromethane. The extracts were then dried using sodium sulphate and concentrated prior to instrumental analysis. The analysis was performed using a gas chromatographmass spectrometer (GC-MS) operated in the selected ion monitoring (SIM) mode.
Several statistical tests were employed in the course of this work. Standard linear regression was employed to estimate the slope (K p ) and y-intercepts (b), along with the standard errors of these values for the linear partitioning equation. The coeffi cients were subsequently tested to determine if they were statistically different from zero using t-tests (Zar 1984) . Separate liquid-solid partitioning coeffi cients (K p ) were estimated for each compound for each sludge type tested. For each compound, the K p values were compared between sludge types using t-tests. Standard linear regression was employed to estimate the fi rst-order decay coeffi cients (k') and the standard errors associated with these values. A t-test (Zar 1984) was then employed to determine whether the values of the decay coeffi cients were statistically different from zero.
Results and Discussion

Partitioning Tests
Liquid-solid partitioning coeffi cients were determined for those target compounds which demonstrated a statistically signifi cant trend between liquid and solid phase concentrations. Duplicate partitioning tests were conducted for each sludge type, and the results of both tests were combined to facilitate estimation of the partitioning coeffi cients that best fi t the overall data set. A linear partitioning model was employed as per equation 1 and was fi t by linear regression:
( 1) where X = mass of compound associated with the solids (μg); M = mass of volatile suspended solids (g VSS); K p = liquid-solid partitioning coeffi cient (L/g VSS); C s = soluble concentration of compound (μg/L); and b = y intercept (μg/g).
Two types of soluble samples were analyzed in this study to obtain insight into the effect of colloidal solids on the estimation of liquid-solid partitioning coeffi cients. Samples that would have some amount of colloidal solids present were prepared by centrifuging samples and decanting the liquid component into the sample bottles. For the purposes of this discussion, these samples will subsequently be referred to as centrifuged. Samples that would have less colloidal solids present were generated by dosing the samples with alum, allowing them to fl occulate, and then centrifuging the samples and subsequently decanting the liquid phase into sample bottles. This procedure is commonly employed to determine the true soluble chemical oxygen demand that is present in wastewater samples when characterizing them for modelling purposes (Mamais et al. 1993) . For the purposes of this discussion, these samples will subsequently be referred to as fl occulated.
Figures 1 and 2 present the best fi t sorption isotherms for chrysene in the PS sludge samples, while Fig. 3 and 4 present the values for the WAS samples. The responses observed in these fi gures are typical of those observed with the other target compounds. From these fi gures it can be observed that, with some experimental scatter, the linear isotherms reasonably described the liquid-solid partitioning behaviour. The use of linear isotherms was deemed to be appropriate on the basis of the generally random distribution of residuals about the best fi t line when all tests were considered collectively. The data generated in the centrifuged samples were more linear in nature than the fl occulated samples, and there was less scatter of the data about the best fi t line for the former samples.
The estimated liquid-solid partitioning coeffi cients are summarized in Tables 1 and 2 for PS and WAS, respectively. The liquid-solid partitioning relationships that were formulated on the basis of the centrifuged soluble samples had y-intercepts that were relatively small and not statistically different from zero. The slopes of these lines were statistically signifi cant at a 95% level of signifi cance. Those that were generated on the basis of the fl occulated samples had relatively large y-intercept values, and in most cases there was substantial uncertainty in these values as indicated by the large standard errors of the estimated values. The slopes of these lines were not statistically signifi cant at a 95% level of signifi cance. The partitioning of contaminants to wastewater solids has traditionally been described by fi rst-order partitioning relationships where the y-intercept values would be equal to zero (Dobbs et al. 1989 ). The results obtained for the centrifuged samples would appear to concur with previous trends, while the results obtained with the fl occulated samples deviate from previous trends.
The slopes of the partitioning relationships (as indicated by the K p values) were substantially greater for the fl occulated dataset as compared with the centrifuged data set. In some cases, the fl occulated K p values were more than 10 times the values that were based upon the centrifuged samples. The increases in K p values for the fl occulated samples were much greater than could be explained by the reductions in the soluble concentrations alone, and hence would suggest that the solid-phase concentrations (X/M) may have been somewhat in error.
The underlying cause of the liquid-solid partitioning patterns that were observed with the fl occulated samples (i.e., negative y-intercepts and exceptionally high K p values) is not readily apparent. The results suggest that there may have been an additional variable that was affecting the results and that this variable was changing when the solid-phase concentrations were varied. Hence, the slopes of the isotherms were exaggerated and the y-intercepts were depressed. It is likely that the addition of alum to the bottles resulted in a change to the properties of the solids in the test bottles. The charge distribution on the aluminum hydroxide fl ocs would be expected to be substantially different than for the sludge particles, resulting in different sorption properties for the various organics. Since solids concentrations in the bottles were varied in order to change the liquid-solid ratios, it may be that there was an interaction between the solids concentrations and the alum that was effectively greater at the lower solids concentrations which corresponded to the higher soluble phase concentrations. Given the uncertainties associated with this phenomenon, subsequent application of the K p values only employed those obtained with the centrifuged samples.
Cs( g/L) Fig. 1 . Partitioning of chrysene to PS-centrifuged samples (X/M = solid phase concentration). It was expected that the removal of colloidal solids during fl occulation would have resulted in lower values of the soluble concentrations, and this was consistently observed. Hence this would support the hypothesis that colloidal solids increase the concentrations of "effectively soluble" contaminants in wastewater samples. Hence, colloidal matter would increase the transport of substances through physical treatment processes such as clarifi ers. Future model enhancements should consider the role of colloidal solids in the transport of hydrophobic substances in wastewater treatment plants. Improved techniques for characterizing the partitioning of compounds to wastewater colloids would be required to facilitate this enhancement of the model.
The modelling of liquid-solid partitioning in wastewater treatment plants has typically assumed equivalent partitioning coeffi cients of organic compounds to primary and secondary solids (Dobbs et al. 1989 ). The results obtained in this study allowed for a comparison of the partitioning coeffi cients that were generated with differing solids types. The coeffi cients were compared using a t-test, and for the fi ve substances that were common to the different sludges, all of the K p values were found to be statistically different. The K p values for anthracene, phenanthrene, benzo(a)anthracene, and chrysene in the WAS samples were approximately twice those that were observed in the PS samples. All of these substances are relatively hydrophobic and had the highest K p values observed in this study. The K p value for 5-nitroacenapthene, which is a less hydrophobic compound, was higher for the PS test as compared with the WAS test. For the purposes of the subsequently described modelling of the biodegradation test data, the K p values obtained with the WAS samples were used. Figure 5 presents the concentrations of chrysene that were measured in the batch biodegradation reactors operating under warm and cold conditions. The trends observed for chrysene are typical of those observed for the other target compounds. From Fig. 5 , it can be seen that under the warm test conditions, the concentrations of chrysene declined as the biodegradation test progressed. It can also be observed that the results of the duplicate tests were consistent with each other, thereby implying good reproducibility of results.
Biodegradation Tests
The responses observed under the cold temperature conditions were considerably different from the warm test conditions. From Fig. 5 , it can be seen that at cold temperatures the chrysene concentrations varied somewhat randomly with no consistent trend in concentration with time. The differing behaviours observed at the two temperatures clearly demonstrate the impact of temperature on the removal of PAHs. The substantially lower removals at the cooler temperature strongly suggests that biodegradation was responsible for the observed total PAH removals.
The batch testing that was conducted in this study measured the total concentration of the contaminants in the samples versus time. Modelling the biodegradation of trace contaminants has typically been assumed to follow fi rst-order kinetics with respect to soluble substrate concentrations (Rittmann and McCarty 2001) . Hence, regression was employed to estimate an overall fi rst-order decay coeffi cient (k') for each compound in each batch test under both warm and cold temperature conditions, where: The value of k ' describes the overall decline in contaminant concentration in a sample, and incorporates the biomass concentration as well as the effect of partitioning of the contaminant to solids. Figure 6 presents the results of the model fi tting for chrysene for the warm temperature conditions as an example and is typical of that observed for the other target compounds under the same conditions. From Fig. 6 it can be observed that the fi rst-order model was able to effectively describe the change in contaminant concentrations with time.
A mixed fi rst-order model was subsequently employed in this study to describe the rate of biodegradation of the target compounds, as per equation 3: The k b values were estimated from the k' values that were determined for each batch test. The average value for each temperature condition was calculated from the replicate batch tests. The estimated k b values along with their standard errors are summarized in Table 3 . The standard errors associated with the k b values incorporated the standard errors associated with the k' coeffi cients as well as the K p coeffi cients. In the warm temperature tests, the concentrations of 5-nitroacenapthene and 2,4-dinitrotoluene declined so rapidly that k b values could not be estimated. In the cold temperature tests, the decline of the PAHs was so little that, when the variability in the data was considered, the decay coeffi cients were not statistically different from zero.
From Table 3 it can be seen that the k b values generally decreased as the complexity and size of the substances increased. Anthracene and phenanthrene are both three-ring compounds, and there was no statistical difference between the rate coeffi cients determined for the warm test condition. Benzo(a)anthracene and chrysene are both four-ring compounds, and had k b values that were similar in magnitude but statistically different from the three-ring compounds. 5-Nitroacenaphthene is also a three-membered ring compound; the presence of the nitro-adduct appeared to have resulted in a substantial increase in the k b in the warm test condition relative to the unsubstituted anthracene and phenanthrene. It is also clear that temperature had a substantial impact on the rate of biodegradation. However, it was not possible to estimate temperature adjustment coeffi cients since k b values for the same substances were not available for both temperatures.
A sensitivity analysis was conducted to assess the impact of uncertainty in the K p and k b values on the predicted fate of the compounds. The sensitivity analysis
The relationship between k b and k ' is described in equation 4: was conducted using the confi guration and operating data that were available for the wastewater treatment plant that was the source of the sludges employed in the batch testing. The sensitivity analysis varied one parameter at a time, and the fate with regards to the extent of biodegradation and partitioning to the sludge streams and the fi nal effl uent were estimated. Each parameter was varied over a range that spanned from 50 to 200% of the value that was estimated in the batch testing program.
As an example, Fig. 7 summarizes the fate of chrysene as a function of the K p value and is typical of the other PAHs that were characterized in this study. From the curves, it can be seen that the fraction of the chrysene that was predicted to be present in the fi nal effl uent of the plant was relatively insensitive to the K p values. A threefold increase in K p resulted in a reduction of the effl uent fraction by only 10%. In part this could be attributed to the presence of sand fi lters that were employed at the wastewater treatment plant to remove a majority of the suspended solids from the wastewater. The fraction of the compounds that was biodegraded was also relatively insensitive to K p . This response decreased by about 15% when the K p value was varied by three-fold. The compounds that were assessed in the sensitivity analysis are all relatively hydrophobic with elevated K p values. Hence, even relatively large uncertainty in K p values would not be expected to have much impact on the availability of these compounds for biodegradation. The prediction of the fraction of the compounds that would be present in the sludge streams was most sensitive to variations in K p . Over the range of K p values that were evaluated in this study, the fraction predicted to be present in the sludge streams varied by approximately 20 to 30%. Given the hydrophobicity of the compounds, the high dependence of this response on K p values would be expected. curves it can be seen that the model predictions were relatively insensitive to k b over the ranges evaluated. The fraction that was predicted to be biodegraded increased by approximately 10% over this range, while the decreases in the predictions of compounds that were present in the fi nal effl uent and sludge streams were correspondingly less than 10%. The relative insensitivity to k b was likely primarily due to the relatively high K p values for the target compounds that therefore tended to favour their removal with waste solids as compared with biodegradation when these two removal mechanisms functioned competitively in a continuous fl ow system.
Conclusions
Biodegradation rate coeffi cients and liquid-solid partitioning coeffi cients were determined for a selection of polynuclear aromatic hydrocarbons. Linear partitioning described the partitioning of the PAHs to solids, but liquid-solid partitioning was better described when the soluble phase of the PAHs was determined by centrifugation relative to preliminary fl occulation followed by centrifugation. The results from the fl occulation approach suggested that there was an interaction between the solids and the fl occulant that impacted on the liquid-solid partitioning. While the solids-fl occulent interaction made it diffi cult to apply the results of these tests directly, it would appear that colloidal solids can increase the apparently soluble concentration of hydrophobic PAHs. This may increase the mobility of these compounds in wastewater treatment plants and their treated effl uents, and should be studied in more detail. The potential effect of the contaminant- bearing colloids in municipal effl uents to organisms in the aquatic environment also warrants investigation. The liquid-solid partitioning coeffi cients obtained for primary and secondary sludges were statistically different with the latter being higher than the former for most of the PAHs examined in this study. This observation differs from that which is employed in most common models of contaminant fate in wastewater treatment. Biodegradation rate coeffi cients (k b ) were determined under warm and cold temperature conditions. Biodegradation was found to be fi rst-order with respect to the soluble concentrations of the PAHs. Temperature had a signifi cant impact on the estimated biodegradation rate coeffi cients. Anthracene and phenanthrene are both threemembered ring compounds and there was no statistical difference between the rate coeffi cients determined for the warm test conditions. Benzo(a)anthracene and chrysene are both four-membered ring compounds, and had k b values that were similar in magnitude and statistically less than the three-ring compounds. The presence of a nitro-adduct on acenaphthene resulted in a substantial increase in k b in the warm test condition relative to the unsubstituted anthracene and phenanthrene.
A sensitivity analysis revealed that the removal of PAHs in a full-scale wastewater treatment plant was most sensitive to the value of the liquid-solid partitioning coeffi cients. Approximately 60% of the PAHs were removed from the wastewater stream through partitioning to solids and subsequent discharge in the sludge streams.
